Background: Methotrexate (MTX), a folic acid antimetabolite, is administered at a high dose for the treatment of diseases such as leukemia and malignant lymphoma. Often, an effort is made to reduce the adverse effects of MTX by monitoring MTX concentration in the blood and administering a high dose of leucovorin. However, side effects of MTX are still reported. MTX is metabolized in the liver and eliminated via the kidneys; hence, blood purification therapy is useful for the reduction of MTX blood concentration in case of renal impairment. Case presentation: We performed various types of blood purification therapies in four cases of MTX poisoning that accompanied renal impairment. Conclusions: Based on our results, we concluded that hemodialysis or hemoperfusion with an activated carbon absorption column was useful for the elimination of MTX from the blood. It is important to choose an appropriate blood purification method understanding the characteristics of each blood purification method.
Background
Methotrexate (MTX), a folic acid antimetabolite, is used for the treatment of various diseases, including rheumatoid arthritis and blood diseases such as leukemia and malignant lymphoma. When the concentration of MTX exceeds the prescribed safe limit, the drug affects normal cells; the reported side effects include bone marrow suppression, impairment of renal and liver function, and mucous membrane disorders.
MTX and its metabolite, 7-hydroxy-MTX, dissolve poorly in urine. Furthermore, in acidic conditions, crystals precipitate inside the lumen of renal tubules and cause renal impairment. The compounds have also been indicated to directly impair renal tubular cells. When MTX is administered at high doses, the use of methods, such as sufficient fluid replacement, alkalization of urine, and administration of the folic acid preparation leucovorin (LV), prevents the adverse effects that arise from delayed reduction.
Since the 1970s, there have been many reports into the prediction and prevention of adverse effects by monitoring the blood concentrations of medicines [1, 2] . Recently, with the introduction of therapeutic drug monitoring (TDM), it has become possible to reduce the side effects of MTX by managing its pharmacokinetics. The risk values for the blood concentration of MTX are ≥ 10, ≥ 1, and ≥ 0.1 μmol/L at 24, 48, and 72 h after administration [3] .
There have been several reports [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] of blood purification methods for the treatment of MTX poisoning, such as hemodialysis (HD), hemodialysis filtration (HDF), and hemoperfusion (HP) using an activated carbon absorption column. However, currently, no method has been universally established thus far.
We performed blood purification therapy in four cases that presented with abnormal elevation of MTX blood concentration after treatment with high-dose MTX that led patients to acute renal impairment. We compared the results of the various blood purification methods.
Case presentation
Case 1: male, 36-year-old patient
The patient was administered 5.8 g/day of MTX for the treatment of malignant lymphoma relapse in the central nervous system. Prior to this treatment, the serum creatinine (sCr) level of the patient was 0.8 mg/dL. When the blood concentration of MTX reached 31.0 μmol/L and the sCr reached 3.2 mg/dL, we performed HD three times and subsequently performed HDF five times. Blood purification therapy was provided daily, and the total duration of blood purification was 8 days. After final blood purification therapy, the blood concentration of MTX was 0.36 μmol/L. The blood concentration of MTX decreased to the target value (< 0.1 μmol/L) in 18 days. Renal function recovered slowly; approximately 40 days was required for the normalization of sCr.
Case 2: male, 45-year-old patient
The patient received chemotherapy in accordance with the "Japan Adult Leukemia Study Group's Acute Lymphoblastic Leukemia (JALSG ALL) 202 protocol" for the treatment of acute lymphatic leukemia. For the consolidation treatment, the patient was administered 4.6 g/day of MTX. Prior to the administration of MTX, the sCr level was 0.7 mg/dL. When the MTX blood concentration was 23.0 μmol/L and the sCr level was 1.8 mg/dL, HP was performed nine times using an activated carbon absorption column. Blood purification therapy was provided daily, and the total blood purification duration was 9 days. After final blood purification therapy, the blood concentration of MTX was 0.14 μmol/L. Renal function recovered slowly; 14 days was required to decrease the concentration of MTX in the blood to the target value, and approximately 30 days were required for the normalization of sCr.
Case 3: male, 16-year-old patient
The patient received chemotherapy in accordance with the JALSG ALL T11 for the treatment of acute lymphatic leukemia. MTX (9.8 g/day) was administered as a consolidation treatment, and prior to the treatment, the sCr level was 0.6 mg/dL. When the MTX blood concentration reached 64.8 μmol/L and the sCr level was 3.63 mg/dL, we performed HD and HP combination therapy three times. Initially, two sessions of blood purification therapy were provided daily and the third treatment was commenced 4 days later. In principle, blood purification therapy should be performed daily until the concentration of MTX reached near the target value (under 0.1 μmol/L). Nevertheless, in this case, the attending pediatrician insisted that the frequency of the blood purification therapy should be minimized as much as possible due to burdens of the treatment. The total duration of blood purification was 6 days. After final blood purification therapy, the blood concentration of MTX was 0.862 μmol/L. The blood concentration of MTX decreased to the target value in 20 days, and approximately 50 days were required for the sCr level to normalize.
Case 4: female, 72-year-old patient
The patient was administered 13.6 g of MTX for the treatment of metastasis of lung osteosarcoma. Prior to this treatment, the sCr level was 0.56 mg/dL. When the MTX blood concentration reached 183.6 μmol/L and the sCr level was at 4.23 mg/dL, we performed both HD and HP once, before the patient was transferred to another facility. The blood concentration of MTX after blood purification therapy was 67.6 μmol/L. In addition, liver impairment occurred from the second day of MTX administration; however, on the following day, a tendency toward improvement was observed in response to the administration of a glycyrrhizin preparation. Her renal function eventually recovered completely 8 months later.
In all patients, we used the double-lumen catheters for blood access and heparin sodium for anticoagulation. Dialysate flow rates in HD were 500 mL/min in all sessions. In HDF, we adopted post-dilution mode. Dialysate flow rate was 2000 mL/h. In HD + HP, the connection of HD and HP was in series and the carbon adsorption column was connected before the dialyzer.
The cases are summarized in Table 1 .
We show conditions such as the type of blood purification therapy and the average reduction rates in Table 2 and Fig. 1 . Prior to blood purification therapy, renal function and MTX concentration were different in each case; therefore, a simple comparison was difficult. However, we compared the average effect of each type of blood purification therapy. The average reduction rates of HD alone, HP alone, and both HP and HD (HP + HD) were approximately equal or better than those of HDF (Fig. 1) . In case 1, blood concentration of MTX decreased after HD but HDF was subsequently performed. HDF was performed to enhance the elimination of MTX; however, it was unclear whether HDF was more effective than HD.
In cases 1-3, we observed the progress until renal function normalized. These observations are summarized in Table 3 . In all three cases, the renal function recovered to the level prior to MTX administration. We hypothesized that the time required for the blood concentration of MTX to decrease to the target value and for the renal function to recover was dependent on the MTX concentration prior to the blood purification therapy.
Discussion
The administration of high-dose MTX causes serious adverse effects including immediate shock after administration, renal function impairment, liver function impairment, and acute respiratory failure in the early stage. Furthermore, when there is a delayed elimination of at least 72 h, fatal side effects have been reported, such as bone marrow suppression, digestive tract hemorrhage, and central nervous system impairment. It has been reported that approximately 80% of the fatal cases resulted from bone marrow suppression [17] .
In a typical case of MTX-induced renal impairment, urine output was unaffected; in most cases, the impairment was reversible. The sCr values reached a peak within 1 week and returned to their previous values between 1 and 3 weeks [18] .
To prevent adverse effects, the blood concentration is monitored and preventive measures are taken if the risk limit is reached at 72 h after administration. These measures include increasing the dose of LV, in order to minimize the damage to normal cells, until MTX blood concentration decreases below 0.1 μmol/L, as given in the interview form [3] .
For all cases, we ensured sufficient fluid replacement and performed urine alkalization, which are the standard treatments for high-dose MTX, but still observed an elevation in MTX blood concentration; this effect has been previously reported. Many studies have investigated genetic polymorphism with regard to the metabolism and elimination of MTX, and it was reported that a single-nucleotide polymorphism (SNP) of methylenetetrahydrofolate reductase (MTHFR), which is involved in the metabolism of MTX, contributed to the effectiveness and toxicity of MTX [19] [20] [21] [22] .
If the in vitro extracellular MTX concentration is high, the movement of LV into the cell is inhibited; therefore, when the MTX concentration exceeds 100 μM, the effect of LV is inhibited [23] . If the blood concentration does not decrease below the risk value at 48 or 72 h after MTX administration, or if it is predicted that it will not, then MTX should be eliminated by blood purification therapy.
At present, the reported blood purification therapies for the treatment of MTX poisoning include HD, HDF, and HP using an activated carbon absorption column, continuous hemofiltration (CHF), and plasma exchange [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] .
MTX is a small molecule with a molecular weight of 454 Da. The protein binding rate is 50%, and the distribution volume is relatively low (0.5-1.0 L/kg). Owing to these characteristics, cytotoxic-free MTX can be eliminated with relative ease by using HD. It was reported that MTX has a high intracellular distribution, and hence, blood concentration immediately increased again after dialysis; frequent blood purification therapy was necessary [7, 8, 24] . Similar effects were observed in our studies; the MTX blood concentration increased again on the day following dialysis. In a previous study, CHF after HP with activated carbon was performed in order to prevent the blood concentration from increasing again [16] . When HF is performed continuously, the drug that has moved into the third space is eliminated, and a rebound in the MTX levels after the completion of blood purification therapy may be suppressed. However, as LV is also eliminated in this process, one drawback is the requirement for a high dose of LV. HP, which uses an activated carbon absorption membrane, can eliminate substances with a molecular weight between 100 and 10,000 Da; hence, it is extremely effective for the treatment of toxicosis. When MTX is bound to a protein, or present at a low blood concentration, it can also be eliminated efficiently. HP does not require dialysis fluid or related equipment and is relatively simple to perform. When the patient shows concurrent symptoms such as hematopenia, the process may be performed in a single room in a hospital ward. However, the adhesion of sucrose, heparin, and platelets to the activated carbon can be problematic.
Plasma exchange can eliminate substances bound to protein, but HP has been shown to be more efficient than plasma exchange [5, 7] . Plasma exchange requires a large amount of replacement plasma, which increases the cost and the probability of infection. However, for patients with liver function impairment, plasma exchange may still be indicated.
The relative merits of HDF and HD with regard to MTX reduction rate are still undetermined. We performed HDF after HD in case 1, but the reduction rate Fig. 1 Comparison of reduction rates in the various blood purification methods. Reduction rate is calculated by dividing the difference of MTX blood concentration before and after blood purification by MTX blood concentration before blood purification. HD + HP therapy #1-#3 was done in case 3; HD + HP therapy #4 was done in case 4 [25] . MTX elimination was low after peritoneal dialysis and plasma exchange, and the highest reduction rate (78%) was found after HP + HD treatment. Analysis of the individual methods revealed that the highest reduction rate for HD using a high-flux membrane was 75.5%, and 50 and 53% for HD alone and HP alone, respectively.
A combined treatment with HD and HP would theoretically produce excellent elimination, as it would remove both free and protein-bound MTX. These treatments are also useful for electrolyte and acid-base equilibrium abnormalities resulting from acute renal impairment. There are several reports that show that the combination of HD and HP was the most effective treatment [6, 8, 10, 13] . This therapy is useful for not only the removal of MTX but also the renal support. In cases 3 and 4, the renal dysfunction was severe and the serum concentration of MTX was very high, so we chose HD + HP in order to decrease the concentration as soon as possible. Our experience revealed the efficacy of HD + HP therapy in patients with both severe renal dysfunction and higher MTX blood levels.
It has recently been found that carboxypeptidase-G 2 (CPDG 2 ) rapidly hydrolyzed MTX into inactive metabolites and reduced the blood concentration by one or two orders of magnitude within a few minutes; therefore, it is useful for the treatment of renal impairment after the administration of a high dose of MTX [26] . This drug was approved by the FDA in 2012, and it is currently in the process of clinical trials in Japan. No serious side effects have yet been reported for CPDG 2 . Contrasting opinions have been reported for the application of CPDG 2 , but it has been utilized in cases that show high blood concentration, such as ≥ 10 μmol/L at 42 h after MTX administration. Blood purification therapy involves a risk of hemorrhage from the insertion of the blood access catheter, risk of infection, heparinization resulting from extracorporeal circulation, and secondary hemorrhage arising from platelet reduction, and secondary risks owing to transfusion with a blood preparation. Hence, for this treatment to be established, it must be effective for patients who tend to have hemorrhage as a result of hematopenia or those with a risk of immunosuppression.
As of 2017, CPDG 2 is not approved in Japan. There is a continuous need to improve the treatment of kidney injury by determining an administration plan and carefully monitoring the patient after administration. In order to minimize organ damage owing to MTX toxicity, adequate blood purification therapy is important. Under the circumstances, the use of CPDG 2 in combination with blood purification therapy is considered to be effective for the reversal of uremia and electrolyte abnormalities caused by kidney injury.
It is important to choose an appropriate blood purification method according to the patient's condition (renal function, compromised immunity, and hemodynamics) and the capabilities and characteristics of the treatment facility, as each blood purification method has both advantages and disadvantages.
Conclusions
It is important to choose an appropriate blood purification method by understanding the characteristics of each blood purification method. According to our experience, HD and HP combination therapy is clinically useful for MTX poisoning, particularly in patients who developed acute kidney injury due to much higher MTX concentration. It is the merit that MTX removal and renal replacement therapy can be performed at the same time.
However, in the future, the prevention and treatment of MTX poisoning could be improved by administration plans that take into consideration the metabolism and elimination conditions in individual patients and the introduction of the new drug CPDG 2 . Following the introduction of new drugs, a paradigm shift in treatment may also occur in the future for other types of toxicities. In each case, the applicability of blood purification therapy should be studied. 
